Location and R&D activities
The notion of a regional innovation system is based on the assumption that location and spatial proximity matter for innovation activities (Cooke, Uranga, and Etxebarria, 1997; Cooke, 1998) . There have been a number of approaches to investigate the impact of regional conditions on the innovation or R&D activities of private firms empirically. However, most attempts that tried to find significant regional difference with regard to innovation activities have more or less failed.
1 There are several possible reasons that may be responsible for such a result. One main obstacle for an empirical investigation into regional differences of R&D activities could be the lack of appropriate data.
Another shortcoming is unclear methodology with regard to the assessment of effects of location. In many cases, multivariate models for the impact of a number of factors on innovation activities are specified more or less ad hoc with regional dummies included as a measure of regional effects. The teststatistics for these regional dummy variables then stand for the significance of a locational effect.
In this contribution, an approach to measure the quality of a regional innovation system on the basis of knowledge production functions will be discussed. By applying this approach to data for eleven European regions, it will be shown that statistically significant differences in the quality of regional innovation systems exist that have an impact on the efficiency of R&D activities. In the next section (Section 2), the basic hypothesis concerning the impact of the regional innovation system on R&D is presented in some detail.
Section 3 then deals with the measurement of the quality of a regional innovation system by a knowledge production function. It follows a brief description of the data base of the empirical analysis (Section 4). Estimation 1 E.g. Alderman and Fisher (1992) , Brower, Budil-Nadvornikova and Kleinknecht (1999) , Kleinknecht and Poot (1992) , Davelaar (1991) , Davelaar and Nijkamp (1989) , Meyer-Krahmer (1985) , Pfirrmann (1994) . For a brief review of the evidence see Fritsch (2000) .
results are presented in Section 5, and, finally, some conclusions are drawn (Section 6).
Differences in the workability of regional innovation systems
In recent years, the system of innovation approach has been increasingly applied to the analysis of innovation activities in both a national and a regional context (Cooke, 1998; Lundvall, 1992 , Edquist, 1997 . The system of innovation approach emphasizes the importance of labor division for innovation processes, and tries to account for the contributions of the different actors or institutions to innovation output. Regional systems of innovation may constitute an adequate approach for the analysis of innovation activities if spatial proximity matters, and the effect of certain influences is limited to a particular region. The main groups of actors in a region that may have an impact on innovation activities of a firm are other private firms, public research institutions, supportive services, and the regional workforce. A key hypothesis in the systems of innovation literature states that it is not the mere presence of such actors or institutions, the elements of the innovation system, that has an effect on the division of innovative labor in a region. Rather, it is rather the interaction, the density, and the quality of the network between these elements that is decisive for the impact of location in a certain region on innovation activity.
Relationships with other actors may affect R&D activities of a certain firm or research institution in a number of ways. by a high degree of interaction and specialization.
Because in most cases, contracts on R&D activities can not be completely specified, the respective relationships represent more than just impersonal 'spot-market' interaction and may necessitate face-to-face contacts from time to time (see Nohria and Eccles, 1992) . Spatial proximity may, therefore, be very conducive for such forms of interaction. Intensive contacts between the actors involved in a division of innovative labor may stimulate a high level of knowledge spillovers between these actors. Because outsourcing certain tasks of the innovation process necessitates the availability of suppliers that are able to fulfill these tasks, a rich supply of complementary firms and research institutions in the region may be rather conducive to R&D. Another element of a location that may be highly relevant for innovation activities, is a diversified labor market that provides appropriate qualifications. For these reasons, a basic hypothesis in the respective literature suggests that the level, as well as the success or efficiency of R&D activity is higher in the 'center' than in more remote areas or in regions characterized by a relatively low degree of agglomeration, the 'periphery' (for a brief overview see Fritsch, 2000) . 2 See for example Marshall (1920) and the contributions in Pyke, Becattini and Sengenberger (1990) .
3 For a detailed account of the different advantages that may emerge from an increased division of innovative labor see Fritsch (2001) . 4 In a broad sense, a region in the 'center' may be defined as an easily accessible location characterized by relatively high density of population and economic activity. It has a relatively high rank in the spatial hierarchy. In contrast, regions in the 'periphery' are lacking these All of these influences can stimulate innovation activities in two ways. One effect may be that the availability of inputs makes certain innovation projects possible that would otherwise not be started or accomplished. Therefore, a well working innovation system should be characterized by a relatively high share of innovating firms, and a relatively high level of R&D output in these firms. A second possible effect of a local environment is that it stimulates a high degree of labor division in the field of innovation activities resulting in a relatively high efficiency or productivity of innovation processes.
The knowledge production function
The concept of a knowledge production function has been introduced by Griliches (1979) for measuring the contribution of R&D and knowledge spillovers to productivity growth. The basic assumption states that the output of the innovation process represents a result of R&D capital or investment, that
Taking the Cobb-Douglas production function as a framework, the basic relationship is
with the term a representing a constant factor and b giving the elasticity by which R&D output varies in relation to the input to the R&D process. If the elasticity value equals one, a 100 percent increase in R&D expenditure would lead to a doubling of innovative output. An elasticity value lower than one properties. They are characterized by relatively low density, poor accessibility, and rank relatively low in the spatial hierarchy.
indicates that innovative output does not rise in proportion to R&D input.
Taking the natural logarithms of both sides leads to . Thus, differences of output elasticities between regions signify diverging locational conditions for R&D, but they tell us nothing about the causes of these effects. All we know in this respect, is that the differences do not result from the variables in the empirical model. However, one can investigate the causes for interregional differences by including respective variables. Note, the output elasticity is dimensionless, and can, therefore, not be affected by a difference of price levels between the regions or by the exchange rates in case of an international comparison.
The constant term of the knowledge production function has the same dimension as the indicator of R&D output. If the success of R&D activities is measured in real terms (e.g. number of patents, number of new products), the estimates for the constant are also unaffected by the exchange rates or the differences in price levels so that a comparison between regions can neglect such factors. The interpretation of the constant term, however, is somewhat delicate. If the number of innovations is used as indicator for the success of R&D activities, the constant term denotes how many innovations have been generated without a corresponding R&D input during the period in which R&D input was measured. Assuming that the generation of an innovation necessitates some R&D input, there are two possible explanations for the existence of a positive constant term. One explanation could be that the respective innovation was completely the result of knowledge spillovers from other sources, without any R&D effort on the part of the firm that is supposed to have generated it. In this case, the constant term of the knowledge production function represents those innovations that are 'falling from heaven' on a certain firm. A second possible explanation has to do with the measurement of the input to the innovation process. The key input factor to this process, knowledge, is cumulative in character, so that innovation is based on a stock of knowledge capital. In practice, we can measure this knowledge stock only incompletely. The best that we might know is the R&D effort, i.e.
the investment into the knowledge stock within a certain time period. In many datasets available for an empirical analysis of innovation activities, we can not be entirely sure if R&D investment is properly defined and relates to that part of the knowledge stock which was relevant for the innovation output measured.
Moreover, information on an R&D investment which was made long ago, is hardly available. Therefore, a positive constant term of the knowledge production function may be an indication that the innovation was not based on current R&D investment but on the existing stock of 'old' knowledge, which could not be measured. In this case, the constant term of the knowledge production function represents a misspecification of the input variable.
As long as the data underlying an interregional comparison of knowledge production functions are comparable, and have about the same bias, the differences of the absolute term of the knowledge production function may be seen as an indication of how much the innovation output is based on an 'older' stock of knowledge. Therefore, if innovation activities are path-dependent, a relatively low value of the constant term can be expected if the respective paradigm is relatively 'young'. 5 This is to the extent that not much old knowledge exists which is relevant for innovation activities along the new path, or if the technological path has been changed recently. The latter example is the case for the post-socialist countries of Eastern Europe, in the course of their transformation to a market economy (see Fritsch and Werker, 1999 , for a detailed exposition). These factors may also explain differences of the constant term between knowledge production functions for certain industries.
Data base and indicators
The empirical analyses reported here are based on data gathered by sending questionnaires to manufacturing enterprises in eleven European regions. This inquiry was carried out in two phases between 1995 and 1998 and resulted in approximately 4,300 usable questionnaires, which constitute the data set. The questions concentrated on innovation related issues, but also raised some general information on each enterprise such as the number of employees, the amount of turnover, characteristics of the product program, etc. (for a more detailed description of the data set see Sternberg, 2000) .
Four of the eleven regions (Figure 1 ) in which the inquiry was carried out are dominated by large cities of international importance. These regions are Barcelona, Rotterdam, Stockholm, and Vienna, with the two latter cities serving as national capitals. Two of the regions in our sample, Saxony and Slovenia, have been under socialist regime until 1990/1991 and are faced with the need to more or less completely reorganize their innovation system. Baden, one of the two West German regions in the sample, is said to have a relatively 5 Accordingly, a relatively low value for the absolute term of the knowledge production function can be expected for those industries which follow a relatively new technological path or paradigm, for which the relevant stock of older knowledge is relatively small. The conditions for innovation processes in such industries are also characterized as an 'entrepreneurial' regime. See Winter (1984) and Audretsch (1995) for details. well-functioning innovation system (Cooke, 1996; Heidenreich and Krauss, 1998 Six dummies control for the influence of the different industry sectors which the firms belong to. Therefore, interregional differences of output elasticities found in the analysis should not be a result of diverging industry structures.
Estimation results
Interregional differences of knowledge production functions have been investigated in two ways. In a first approach, the model was estimated for each of the regions separately. Comparing the estimated coefficients allows to identify differences with regard to innovation activities between the regions. In a second approach, all regions were included in one model, with dummy 7 The original responses have been converted into the European Currency Unit (ECU), but as already mentioned, this should not affect the comparison of elasticities according to the approach chosen here. variables testing for regional deviations. A main difference between these two approaches concerns the industry dummies that are included in order to control for sector effects. When running the model for each of the regions separately, the industry dummies represent the influence of affiliation to a particular industry on innovation activities in a certain region. These industry effects may deviate between the regions. However, if all regions are included in one model, it is implicitly assumed that the industry effects are identical in all of the regions. In such an approach, the results for regional dummy variables may be influenced by diverging effects of affiliation to a certain industry in the regions under inspection. This could provide an explanation for differences in the assessment of the regional impact on innovation activities attained by the two approaches applied. A main practical advantage of an empirical model that includes information for more than one region over estimating models for the individual regions is that less cases are needed to attain a statistically significant estimate for the regional impact. The reason is that in a model for more than one region, the observations of a certain region are less 'needed' for estimating the industry effects compared to assessing these impacts for each region separately. This is due to the fact that in a multi-region approach, the coefficients for industry dummies can be estimated using the information from the other regions. Therefore, this type of test is statistically more efficient than estimating a separate model for each region. Table 1 depicts the constant terms and the coefficients for the output elasticity of R&D input in the different regions, which was calculated by running the model for each region separately. Because the dependent variable of the model, the number of patents, has the character of a count variable, negativebinomial regression has been applied as the estimation procedure. Using this method implies the hypothesis that the number of patents is generated by a Poisson-like process. Compared to a Poisson regression, negative binomial regression is based on somewhat more general assumptions and allows for a greater variance than is assumed for a true Poisson process (Green,1997: 931-939) . As an example for the output of the complete model, the coefficients for the region of Saxony are given in Table A1 in the Appendix. Baden serves as the reference region for testing for significance of differences of the estimated elasticities, as well as of the constants of the regressions. Unfortunately, no statistically significant estimates of a region-specific knowledge production function could be found for Gironde and for Slovenia, presumably due to the relatively small number of observations that our sample provides for these regions.
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Looking first at the elasticities based on R&D expenditure, the values range between 0.35 and 0.62, indicating that a certain increase in R&D input leads to a less than proportionate rise in R&D output. The lowest value of the output 9 The estimates for Gironde were based on data for 13 (R&D expenditure) and 11 enterprises (R&D employment) with at least one patent application during the respective time period. The estimates for Slovenia were based on 31 and 35 cases, respectively. elasticity with regard to R&D expenditure is found in South-Wales. In contrast, three of the four regions in our sample dominated by large cities (Barcelona, Stockholm and Vienna) have relatively high estimated values of the elasticities. That the estimate for Baden is in the upper range of values, confirms assessments found in the literature that characterize the innovation system in this region as relatively well functioning or 'efficient' (see for example Heidenreich and Krauss, 1998) . Apparently, the pattern of estimated coefficients for the output elasticities of R&D input corresponds to some degree with a center-periphery pattern of R&D productivity, indicating relatively favorable locational conditions for innovation activities in the agglomerations. However, none of the calculated elasticities differs from the value for Baden on the five-percent level of significance. Yet, if South-Wales is taken as a reference, then the elasticities for Barcelona and Vienna prove to be higher at the five-percent significance level.
The estimates of output elasticities based on R&D employment as a measure of input, fall in about the same range (between 0.39 and 0.61, see Table 1 ) as the estimates based on R&D expenditure. Compared to the elasticities estimated using R&D expenditures as an indicator for R&D input, some differences in the results can be found (particularly for Rotterdam, Stockholm and SouthWales), but for most of the regions, the estimates attained with the two alternative input measures lie relatively close together. Again, the overall pattern of the estimates for the different regions corresponds to some degree with a center-periphery hypothesis of locational conditions for R&D activity.
For the estimates of output elasticities based on R&D employment, there are a number of statistically significant differences when compared to the value for Baden. While the output elasticity for Rotterdam is significantly higher than in Baden, the values for Hanover, Alsace, and Saxony turn out to be significantly lower.
We also find a number of differences between the regions with regard to the constant term of the model (see Table 1 ). In the estimates based on R&D expenditure as measure of R&D input, however, these differences may be influenced by the exchange rates that were applied for converting the original values into a common currency. The respective results are, therefore, dubious.
Indeed, the regional pattern of the estimates for the constant term based on R&D expenditure, differs considerably from the pattern attained when using R&D employment as measure of the input to the innovation process. In the estimations with R&D employment, we find the by far lowest value of the constant term for Saxony. This indicates a relatively poor ability of firms to exploit a longer existing knowledge stock. This may be explained with the more or less complete reorganization of the innovation system in this former socialist region. Even more important, a considerable part of the knowledge stock generated under socialist regime had to be depreciated in the last years because it proved to be no longer useful in the framework of an open market economy (cf. Fritsch and Werker, 1999) . Although, the highest estimate for the constant term by far is found for the enterprises in Barcelona when using R&D employment as input indicator, there is no clear pattern according to a center-periphery paradigm. 10 This conclusion also holds for the results based on R&D expenditure as measure for innovative input, where we find the highest estimates of the constant term for Vienna and Stockholm (but also for SouthWales and Baden), and a relatively low value for Barcelona.
In the integrated model for all the regions, two types of regional dummyvariables were included to test for differences compared to establishments in the region of Baden (Table 2 ). Dichotomous variables that had the value 1 if the respective firm was located in a certain region and the value 0 if not indicated differences with regard to the constant term of the knowledge production function. The coefficients for an interaction of these dummies with a firm's R&D input (R&D expenditure or R&D employment, respectively) reflect differences of the slopes of the knowledge production function pointing to a diverging output elasticity or productivity of innovation processes. As in Relatively low values of the output elasticity of R&D input are also found for Gironde and for Slovenia, the two regions for which no significant estimate of a region-specific knowledge production function could be attained. For many of the other regions, the regional dummies for differences of R&D output elasticities have a negative sign indicating a lower productivity of R&D activities than in Baden.
However, these differences are not statistically significant. As could have been expected, the estimates of the interaction dummies based on R&D expenditure differ to some extent from the estimates using R&D employment as indicator for R&D input, yet, these differences are within reasonable limits. The estimates of the regional output elasticities of R&D input generated on the basis of one model, including all regions, differ somehow from the coefficients R&D attained with separate models for the individual regions. However, the regional pattern of the results remains about the same. Locations in a large agglomeration appear to be relatively conducive for R&D activities as compared to less densely populated or more peripheral regions.
Looking at the estimates for the dummies that indicate interregional differences with regard to the constant term of the knowledge production function, the deviation between the coefficients based on the two measures for R&D input is somewhat higher. A relatively large divergence between the two types of estimates is found in the cases of Vienna, Gironde, Alsace, and Slovenia. A main cause for these discrepancies may be respective variation with regard to price levels and exchange rates that influence the estimates using R&D expenditure as a measure of input. Because an interregional comparison of R&D employment is not directly affected by such factors, the estimates of the constant-term dummies based on employment figures may be considered more reliable. Looking at the respective estimate, the significantly lower value of the constant term for Saxony may be seen as a reflection of necessary depreciations of "old" knowledge capital in the transformation process.
However, plausible explanations for the other significant constant-term dummies appear to be more difficult to find.
Conclusion
This contribution has demonstrated the application of the knowledgeproduction function approach for measuring the quality of regional innovation systems. The main idea was that the output-elasticity of R&D input, the slope of the knowledge production function, can be interpreted as a measure for the productivity of innovation activities and that this productivity is affected by region-specific conditions. Output elasticity, as a measure for the productivity of R&D effort has the advantage of being dimensionless. If the analysis is based on monetary figures (e.g. R&D expenditure), the estimates for output elasticity should, therefore, not be influenced by interregional differences in price levels, or if regions in different currency areas are included by the underlying exchange rate. The estimates based on data for eleven European regions revealed significant differences with regard to R&D productivity between manufacturing firms in these regions. In accordance with a number of theoretical models and the hypotheses that can be found in the literature, output elasticity of R&D input in manufacturing establishments tended to be relatively high in the center as compared to the periphery. Obviously, there exist considerable agglomeration economies, which are conducive to R&D activities. However, relatively high values of output elasticity of R&D activities with regard to R&D input could also be found for some less urbanized regions, indicating that a certain degree of agglomeration does not constitute a necessary condition for R&D activity to be conducted productively.
A number of statistically significant differences could also be found with regard to the constant term of the knowledge production function. Assuming that an innovation necessitates at least some R&D input, this constant term represents an error in the measurement of the input to R&D activities. If information on R&D input included in the analysis is restricted to a more recent period of time, then the absolute term of the knowledge production function may represent the importance of 'older' knowledge for the output of the innovation process. In this case, relatively high depreciations of knowledge capital caused by a change of the technological path, for example, should lead to a relatively low value of the absolute term of the knowledge production function. This is indeed what could be found for the two regions in the sample that have been under socialist regime until the late 1980s, Saxony and Slovenia. These two regions are now faced with the necessity of adjusting their innovation system to the demands of a market economy.
In total, we may conclude that the knowledge production function is a quite useful approach for comparing the quality of regional innovation systems in providing a simple measure for the productivity of R&D activities. However, innovation processes are quite complex and can not be comprehensively assessed with a single indicator. Therefore, not only one indicator but a whole number of measures should be applied when comparing innovation activities between regions . 11 Among such a group of measures, output elasticity of R&D input can be relatively interesting. Because the estimates for this measure are limited to information on innovating firms, indicators for the propensity to innovate might be a good complement.
11 See Fritsch (2000) for a more detailed comparison of innovation activities in the regions under inspection here. 
